In the present study, the mechanochemical method is proposed for synthesis of LiAl-layered double hydroxides (LDHs). This method is eco-friendly and allows obtaining LiAl-LDH under relatively mild conditions (centripetal acceleration of milling bodies 300 m s -2 ) and in a short period of time (15 minutes). The structures of as-prepared LiAl-LDH, LiAl-mixed oxide (calcined LDH) and "activated" LiAl-LDH obtained after rehydration of the corresponding mixed oxide were confirmed by X-ray diffraction. The basicity of LiAlO x was measured by temperature-programmed desorption of CO 2 and double isotherm technique. According to data obtained, LiAl-mixed oxide has a significant higher carbon dioxide adsorption capacity compared to MgAlmixed oxides prepared by conventional co-precipitation method. This indicates a large amount of basic surface sites with different strength (strong, medium and weak) for Li-containing systems. The formation of "activated" LiAl-LDH having Brønsted basic sites (OH groups in the interlayer space) provides an increased catalytic activity of LiAlO x in the reaction of aqueous-phase aldol condensation between furfural and acetone.
Introduction
Catalytic processing of biomass-derived compounds has recently attracted much attention due to the possibility of obtaining valuable chemical products from renewable raw materials [1] [2] [3] . Furfural produced commercially from lignocellulosic biomass is the precursor to a range of furanbased chemicals and solvents such as furfuryl alcohol, tetrahydrofurfuryl alcohol, methyl furan, tetrahydrofuran, furoic acid, etc. [4] [5] [6] . Cross-aldol condensation reactions of furfural are of interest to synthesize a variety of furfurylidene ketone-based compounds, which have a wide range of applications. In particular, the aldol adducts of furfural and acetone are used as flavors in food industry [7] , monomers in the production of furanic resins [8, 9] , intermediates in the synthesis of biologically active compounds and pharmaceuticals [10] [11] [12] . Moreover, the cross-aldolization of furfural is recently considered as the promising way to obtain environmentally friendly jet and diesel fuels from renewable sources [13] [14] [15] .
Aldol condensation of furfural with aliphatic ketones such as acetone is carried out in the presence of base catalysts, often in organic solvents. Conventionally, NaOH and KOH are used as catalysts [16] [17] [18] [19] [20] , but more complex systems such as pyrrolidine [21] , zinc prolinate [22] , L-lysine [23] , prolinethioamide derivatives [24] and ionic liquids [25] [26] [27] [28] [29] are found to be able to catalyze the reaction. In most cases, the disadvantages are toxicity, difficult preparation, ability to hydrolyze in aqueous solutions, non-recyclability and high cost of the catalysts, generation of large amount of wastes, sometimes modest yields of target products.
In view of environmental and green chemistry, the use of non-toxic and inexpensive solvent such as water is preferable [30] . Moreover, furfural is obtained in industry as aqueous solutions [5] . Thus, costly separation of furfural-water can be obviated if the aldol condensation is performed in water medium.
In connection with the above, the development of efficient, eco-friendly and recyclable water-tolerant solid catalysts is a challenge for the cross-aldolizations of furfural. Among the solid base catalysts, layered double hydroxides (LDHs) can be regarded as the most suitable for this purpose [31] [32] [33] [34] .
LDHs also known as hydrotalcite type materials are the promising multifunctional systems and widely used as adsorbents, supports and catalysts of basic type [35] [36] [37] [38] [39] [40] . The structure of LDHs is based upon the brucite-like layers and described by a general formula of [M , where M  II and M  III are the di-and trivalent  metals, and A n-is the anion. Some mono-and tetravalent metal atoms may also be part of the LDHs. As a rule, water molecules are also present in the interlayer space [41] . The unique feature of these materials is the possibility of change their structure, morphology and acid-base properties by varying the composition: a nature and ratio of metals in the layers, a nature of anions in the interlayer space.
There are several methods for the preparation of LDHs, i.e. co-precipitation at low and high supersaturation, the technique based on hydrolysis of urea, hydrothermal synthesis, rehydration, anion exchange, sol-gel process, etc. [42] . The co-precipitation is the most widely used approach for the synthesis of LDHs. However, some cations cannot be incorporated into the structure of LDHs due to limitations in the size of the cations. So, the cations of alkali metals are needed to achieve an increased basicity. However, only the Li cations having a small size can be incorporated into the structure of LDHs. Furthermore, it is difficult to synthesize LiAl-LDHs by the conventional co-precipitation method because a large excess of lithium salt is required to reach the Li:Al atomic ratio of 0.5 [43] . In addition, the co-precipitation is often prolonged and requires the utilization of large amounts of wash waters. The one-pot mechanochemical synthesis is a promising alternative way to obtain LDHs. This method involves the solid-phase reactions between hydroxides and salts of corresponding metals under mechanical activation conditions [44] . The advantages of mechanochemical synthesis are short duration, usually not exceeding 30 minutes, as well as absence of waste waters.
The efficiency of LDHs and mixed oxides obtained by the calcination of LDHs as aldolization catalysts has been demonstrated primarily in the reaction of furfural with acetone [31, 32, [45] [46] [47] [48] . As a rule, MgAl-and MgZr-(hydr) oxides are employed, whereas the data regarding with LDHs of other chemical composition, particularly, LDHs containing alkali metal cations and capable of providing a most basicity, are very scarce.
In the present study, LiAl-LDH obtained by mechanochemical approach was tested in the reaction of aqueous aldol condensation between furfural and acetone. The catalytic properties were compared with those of MgAl-(hydr)oxides differing in Mg:Al atomic ratio and basicity. It is necessary to note that LiAlO x prepared by calcination of mechanochemically synthesized LiAl-LDH and MgAl-oxides obtained from MgAl-LDHs were directly added into the aqueous-phase reaction system. In any case, the catalytically active phase is apparently the LDHs reconstructed by in situ rehydration under the chosen conditions of aqueous-phase reaction.
Experimental

Preparation of catalysts
Mechanochemical synthesis of LiAl-LDH
The LiAl-LDH sample with Li:Al molar ratio of 0.5 was synthesized from LiNO 3 · 3H 2 O (> 99%, Novosibirsk rare metals plant, Russia) and Al(OH) 3 (a mixture of bayerite and nordstrandite) in a planetary AGO-2 mill with steel milling bodies (balls) at room temperature and atmospheric pressure. In all the experiments, the weight ratio of milling bodies to mechanically activated mixture was constant and equal to 40:1. The centripetal acceleration of milling bodies was 300 and 1000 m s -2 and activation time was 15 and 30 min.
To obtain LiAl-mixed oxide, LiAl-LDH was calcined in static air at 873 К for 3 h.
Synthesis of MgAl-LDHs by co-precipitation
The synthesis procedure included co-precipitation of Mg and Al hydroxides from aqueous solutions (1 mol L ) containing NaOH and Na 2 CO 3 (both > 98%, Omskreaktiv, Russia). The Mg 2+ to Al 3+ molar ratio in the salt solution was maintained constant and equal to 3 and 4. The synthesis was carried out at pH 10 and a temperature of 333 K. Further experimental details are given in [49, 50] . The resulting precipitates of MgAl-LDHs contained carbonate anions in the interlayer space.
MgAl-mixed oxides were prepared by thermal treatment of corresponding LDHs in static air at 873 К for 3 h.
The content of metals in the initial solutions and solid samples (after their dissolution) was determined by atomic emission spectrometry with inductively coupled plasma (ICP-AES) on a Varian 710-ES instrument.
Rehydration of MgAl-and LiAl-mixed oxides
To obtain the "activated" form of MgAl-and LiAl-LDHs with OH -anions in the interlayer space, the initial mixed oxides prepared from the corresponding LDHs were rehydrated in distilled water at room temperature for 8 h and then dried in a drying oven at 393 K for 12 h.
Synthesized LDHs were denoted as LDH-Mg(Li)Al-Y, and corresponding mixed oxides were denoted as Mg(Li) AlO x -Y, where Y is the Mg(Li):Al atomic ratio.
Characterization of catalysts 2.2.1 Investigation of the structure of LDHs and mixed oxides
The structural features of the synthesized MgAl-and LiAl-LDHs as well as corresponding mixed oxides were examined using X-ray diffraction (XRD) analysis on a D8 Advance (Bruker) diffractometer with parallel CuKα source in a 2θ range from 5 to 80°. The scanning step was 0.05° and the time of signal integration was 5 s per step. Phase composition of the samples was identified using the ICDD PDF-2 International database. 2 Investigation of temperature-programmed desorption of CO 2 (TPD-CO 2 ) was carried out on an AutoChem-2920 (Micromeritics) chemisorption analyzer. The mixture of 10 vol. % CO 2 and helium was employed in the experiments. Prior to measurements, the sample was heated in flowing helium to a temperature of 823 K and held at this temperature for 1 h. Then, the sample was cooled in helium to 373 K. The adsorption of carbon dioxide was performed at 373 K for 1 h. To remove physically adsorbed CO 2 , the sample was flushed by helium at a temperature of 373 K for 1 h. TPD of CO 2 was carried out in a temperature range of 373-823 K at a heating rate of 10 K min -1 . The process was monitored by a thermal conductivity detector (TCD).
Evaluation of the basicity of mixed oxides
Temperature-programmed desorption of CO
Double isotherm method
The measurements of CO 2 adsorption-desorption were made on a Sorptomatic-1900 automated static vacuum apparatus as described earlier [50] . Before measurements, each catalyst sample was degassed at a temperature of 573 K and pressure of 1.33 Pa. The isotherm of CO 2 adsorption obtained at 0.1 MPa and 303 K was used to calculate the total capacity of a sample with respect to this gas (physically and chemically adsorbed CO 2 ). After that, the sample was evacuated to 1.33 Pa at the same temperature for 1 h to remove physically adsorbed molecules, and the second isotherm was obtained. The difference between two isotherms made it possible to determine the quantity of chemisorbed CO 2 . To assess the strength of basic sites, degassing step was carried out at 373, 473 and 573 К.
Catalytic reaction and analysis of reaction products
Aldol condensation of furfural with acetone was carried out in a 250 cm 3 batch-type glass reactor equipped with a reflux condenser, thermometer and magnetic stirrer. The reactor was loaded with 1.36 cm 3 of fresh-distilled furfural (99%, Sigma-Aldrich, USA), 12.0 cm 3 of acetone (> 98%, EKOS-1, Russia) and 100 cm 3 of distilled water, resulting 12% of organic compounds in aqueous solution and furfural:acetone molar ratio of 0.1. The temperature of the mixture was then increased under stirring (1400 min -1 ) to the desired value (343 K). Further, the catalyst (200 mg) preliminarily calcined at 873 K was introduced to start the reaction. So, Mg(Li)AlO x -Y mixed oxides were employed as the catalysts. In addition, we also conducted the reaction with MgO (> 98%, Reakhim, Russia). The reaction mixture was stirred for 2.5 h at 343 K. The aliquots (1.0 cm 3 ) were periodically withdrawn from the reactor and mixed with ethyl alcohol to dissolve water-insoluble reaction products. Analysis of reaction products was performed by using gas chromatography (GC) on a Hewlett Packard 5890 Series II instrument equipped with a capillary column HP-1 (100 m × 0.25 mm, Agilent Technologies) and flame ionization detector. Identification of reaction products was carried out by comparing the retention times using authentic samples, which were synthesized by NaOH catalyzed aldol condensation as described elsewhere [9, [16] [17] [18] [19] .
3 Results and discussion 3.1 Structure and basicity of the catalysts
Structural features of catalysts
The structural data for all studied samples are provided in Table 1 . It was found that irrespective of process conditions, the structural parameters of LiAl-LDH are the same. But the samples obtained under the most severe conditions (centripetal acceleration of 1000 m s -2 or activation time of 30 minutes) were characterized by a high content of iron in the samples (up to 19 wt. %), which could be produced by attrition of steel balls during mechanical activation. Further, the samples prepared under mild conditions (centripetal acceleration of 300 m s -2 or activation time of 15 minutes) were investigated.
The XRD patterns of the LDH-LiAl-0.5, LDH-MgAl-3 and LDH-MgAl-4 samples exhibit the characteristic reflections of LDHs (Fig. 1, patterns 1) . The basal peaks for the (003) and (006) planes at low angles and the nonbasal peaks for the (012), (015), (018) and (110), (113) at higher angles can be observed in the patterns. The peaks at 2θ < 30° are due to the lamellar structure of LDHs. The (003) peak indicates the basal reflection of an interlayer anion in LDH materials. The unit cell parameter c can be calculated from the positions of this reflection. The spacing of the (110) peak corresponds to the lattice parameter a, which coincides with the closest Mg Table 1 . For the LDH-MgAl samples, the LDH phase is only formed without any side phases. The increase of Mg:Al ratio leads to the decrease of the layer positive charge and the interaction between the layers and interlayer anions. Thus, the unit cell parameter c rises. Also, the growth of the Mg:Al ratio and, therefore, the decrease of the fraction of Al (smaller ionic radius) in the brucite-like layers promotes the increase of the unit cell parameter a (Table 1 ). In the case of LiAl-system, the reflexes corresponding to main LDH phase as well as to the initial aluminum trihydroxides are observed on the diffraction patterns. This is due to incomplete conversion of Al(OH) 3 into LiAl-LDH during mechanical activation. During the calcination at 873 K, the LDH layers are destroyed and the Mg(Li)AlO x mixed oxides with a periclase-like phase are formed (Fig. 1, patterns  2 ). This phase is characterized by a broad halo around 2θ = 35.5°. Mixed oxides have a very low crystallinity and mixing homogeneity at atomic level [51] . MgAl-mixed oxides can recover the original layered structure of LDH by contact of the oxide form with water ( Fig. 1, patterns  3 ). This phenomenon is called the "memory effect" and LDH thus obtained is called "activated" form. MgAl-LDH in "activated" form has properties different from those of as-prepared MgAl-LDH. In particular, "activated" form has Brønsted basic sites (OH groups in the interlayer space), that enables to use the "activated" LDH as the catalysts in base type reactions [52] . Thereby, the possibility of restoration of the layered structure is an important property of LDH. It was found that LiAlO x as well as MgAlO x are able to restore layered structure that confirms the appearance of basal reflections on the diffraction patterns of rehydrated samples (Fig. 1, patterns 3) . The reflexes for rehydrated samples in the region of medium and high angles are strongly smeared. Such smear may be related to the formation of the turbostratically disordered phase of LDHs.
Basicity of LiAl-and MgAl-mixed oxides
The effect of cation nature (Mg 2+ , Li + ) and Mg:Al ratio in the structure of LDHs on the basicity of corresponding mixed oxides was investigated using TPD-CO 2 (dynamic mode) and double isotherm method (static mode).
The basicity of the catalysts was quantified by integration of the desorption curves of TPD-CO 2 . The areas under the curves are considered as proportional to the number of moles of gas desorbed from the surface. The TPD-CO 2 plots of MgAlO x and LiAlO x present a broad peak with a maximum at 433-443 K (Fig. 2a) . This wide shape of the curves shows that basic sites of different strengths are present. According to TPD-CO 2 data, the amount of CO 2 desorbed is 341 and 199 mmol g -1 for LiAl-and MgAl-mixed oxides, respectively (Fig. 2a) . It means that total surface concentration of the basic sites for LiAlO x is a lot more than for MgAlO x . In order to compare the concentration of basic sites with different strengths for LiAl-and MgAlmixed oxides, the additional experiments of desorption of CO 2 pre-adsorbed at different temperatures in static mode were performed.
It is known that mixed oxides exhibit various basic functionalities on the surface: weakly basic OH groups, medium to medium-strong sites associated with the oxygen of Mg 2+ -O 2-pairs, and strong basic sites related to isolated O 2-anions [53] . The amount of basic sites on the surface is proportional to the СО 2 adsorption capacity of the material and the chemisorbed СО 2 / basic site ratio is unity [54] . The strength of basic site is determined by desorption temperature, i.e. the higher the temperature, the larger the basicity of surface site. As can be seen from Fig. 2b , the CO 2 adsorption capacity rises with increasing the Mg:Al ratio. Replacement of Mg 2+ cations by Li + cations in the brucite-like layers leads to a significant growth in CO 2 adsorption capacity at all desorption temperatures. So, the amount of desorbed CO 2 at low temperatures (303 and 373 K) for LiAlO x is one and a half time higher than for MgAlO x , and this difference reaches 2 at 573 K. Consequently, for Li-containing samples characterized by the less fraction of the low valence metal and by the presence of alumina with less basicity, the amount of different basic surface sites (strong, medium and weak) is higher compared to Mg-containing systems. 
Catalytic properties in aqueous aldol condensation of furfural with acetone
The samples of mixed oxides were examined in the aldol condensation between furfural and acetone in aqueous solution. All catalytic experiments were conducted at a temperature of 343 K and furfural:acetone molar ratio of 0.1. The reaction conditions including the furfural to acetone molar ratio were chosen in accordance with earlier published data [31, 32, 47, 48] . Although, the higher furfural:acetone ratios (up to 2) have also been used in some works [55, 56] . However, according to our preliminary experiments, an excess of furfural (furfural to acetone ratio of 2) has an adverse effect on the reaction. So, the furfural conversion over most basic LiAlO x -0.5 catalyst does not exceed 15% at the end of the reaction (2.5 h). Other mixed oxides show no catalytic activity in the condensation between acetone and furfural in excess of the latter.
During aldol condensation of furfural with aliphatic ketone (e.g. acetone) in the presence of base catalyst, the formation of C-C bond between two carbonyl groups occurs (Scheme 1). The reaction is often accompanied by dehydration of intermediate aldol and formation of α,β-unsaturated ketone. In our experiments, the aldol condensation between furfural and acetone in the presence of solid catalysts proceeded in accordance with Scheme 1. The main products were 4-(2-furanyl)-4-hydroxy-2-butanone (1), 4-(2-furanyl)-3-buten-2-one (2) and 1,5-di-2-furanyl-1,4-pentadien-3-one (3). As a rule, the yield of compound 3 was low and did not exceed 10%. Besides, self-condensation of acetone was slightly occurred, since 4-hydroxy-4-methyl-2-pentanone was detected among the products. The selectivity for 4-hydroxy-4-methyl-2-pentanone was 1-2% even 2.5 h after the onset of the reaction. Trace amounts of unidentified heavy compounds probably coming from Michael addition of acetone to adducts 2 and 3 as well as resinification of furfural and condensation products [48, 57] were also detected.
According to the results of catalytic experiments, the most basic LiAlO x -0.5 catalyst provides the highest rate of furfural conversion (Fig. 3) . In the presence of this catalyst, a complete conversion of furfural with selective formation of compound 2 is achieved even after 30 minutes of the reaction (Fig. 3d) . Magnesium-containing systems have a considerably lower catalytic activity in the reaction compared to LiAlO x -0.5 catalyst (Fig. 3a, b) . However, both MgAl-oxides allow reaching a high selectivity for adduct 2 (up to 97%) at a furfural conversion of 95 or 100% (Table 2) a higher catalytic activity, and furfural conversion of 80% is achieved 30 minutes after the onset of the reaction (Fig. 3b) . Apparently, a high catalytic activity of LiAl-and MgAlmixed oxides is caused by rehydration of mixed oxides with the formation of catalytically active LDHs [48] under the chosen conditions of aqueous-phase reaction. In addition, we also conducted the reaction with MgO, which has been used in some works [56] [57] [58] as a catalyst for aldol condensation of furfural and acetone. According to the obtained data (Table 2 , Fig. 3c) , magnesium oxide has a catalytic activity comparable to that of MgAlO x -3 sample. But in the presence of MgO, the yield of intermediate aldol 1 varies very little during the experiment (6-10%). This indicates the weaker ability of MgO to dehydration, as compared to other catalysts studied.
Conclusions
Thus, in this work, LiAl-layered double hydroxide was prepared by using eco-friendly and express method of mechanochemical activation. It was found that LiAlO x mixed oxide obtained by calcination of LiAl-LDH at 873 K can recover the layered structure upon holding in water ("memory effect"). It was shown by adsorption of CO 2 probe molecules that the basicity of LiAlO x is much higher than that of MgAlO x with the Mg:Al ratio of 4, which has a maximum amount of basic surface sites among all of the MgAl-mixed oxides. It was demonstrated that LiAlO x is a promising catalyst for aqueous aldol condensation of furfural with acetone, since the reaction rate is higher compared to those for MgAl-catalysts. In the presence of LiAlO x , a complete conversion of furfural and high selectivity for 4-(2-furanyl)-3-buten-2-one are achieved after 30 minutes of the reaction.
